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ABSTRACT

Mo'PbU )

The thermodynamic properties of the Pb-Pd system have 
been determined between 750°C and 1000°C by means of both the 
galvanic cell and the mass spectrometer. High lead alloys 
were studied by using the galvanic cell

(Pb0-Si02 )u ) < S102(s)|Pb-Pd(t),Mo

and high palladium alloys were studied by using a Knudsen
cell inlet system in the mass spectrometer. The activities
of lead and palladium at 927°C exhibit very strong negative
deviations from Raoult.’s Law as is exemplified by the values

= 3.97x10""^ and Y° = 2.95x10**^. The system was found to Pb Pd
exhibit.a linear behavior examined by Darken when InY. was12plotted against (1-X^) . The equations partially describing 
the system are given as

InY = -12.56Xpd - 10.14 (0 <. Xpb < 0.44)

lnYpd = - 7.5°xpb " 10.43 (0 < Xpd < 0.40).



T 1274

CONTENTS

Page
ABSTRACT................................................... iii
INTRODUCTION................... ‘......................... 1

Theory of the Galvanic Cell . . . ...............  1
Theory of the T.O.F. Mass Spectrometer...........  6
Outline of This S t u d y ...........   10

LITERATURE SURVEY. .  .................................  12
The Lead-Oxide Silica System...............   12
The Lead-Palladium S y s t e m ....................... . 13

EXPERIMENTAL APPARATUS AND PROCEDURE .................. 16
Experimental Apparatus-............................. 16

Galvanic Cell.................................  16
Mass Spectrometer............................. 18

Experimental Procedure............................. 22
Preparation of Materials ....................  22

Galvanic C e l l ........................... 22
Mass Spectrometer......................  25

Method of Operation...............   26
Galvanic C e l l ........................... 26
Mass Spectrometer  .............  27

iv



T 1274

Page
REDUCTION OP EXPERIMENTAL D A T A ........................  29

Method of Thermodynamic Calculations.............  29
Galvanic Cell..........................   . . 29
Mass Spectrometer.............................  32

Method of Calculating Pd Properties................ 36
Determination of Uncertainties...............   37

RESULTS...................................................  42
DISCUSSION............................................... 66

Evaluation of Errors...............................  66
Galvanic Cell.................................  66
Mass Spectrometer............................. 68

Comparison of R e s u l t s .............   70
Co iparison With Metallic Solution Models.........  70

CONCLUSIONS..............................................  72
SUGGESTIONS FOR FURTHER W O R K ........................... 73
APPENDIX I ............................................... 74

Thermocouple Calibration
APPENDIX II............................................  77

Experimental data for th lead-palladium 
system

APPENDIX I I I ..........................................  79
Chemical analyses of materials

BIBLIOGRAPHY ............................................  81
BIOGRAPHICAL NOTE........................................  84

v



T 1274

LIST OF FIGURES

Figure Page
1. The lead oxide-silica equilibrium diagram. . . .  14
2. The lead-palladium phase diagram . . . . . . . .  15
3. Galvanic cell d e s i g n .............................   17
4. Schematic view of the equipment arrangement. . . 19
5. Cut-away view of the Knudsen-cell inlet

system of the T.O.F. mass spectrometer . . . .  20
6. Schematic diagram of the ion source, flight

tube, and collector...............................  23
7. Model 12-101A mass spectrometer system . . . . .  24
8. Experimental data from the galvanic cell . . . .  45
9. Experimental data from the galvanic cell . . . .  46

10. Experimental data from the mass spectrometer . . 48
11. Activity coefficient integration curve at

1377°q for th e  liquid Pb-Pd system . . . . . .  49
12. Heat integration curve at 1377°C for the

liquid Pb-Pd system. ........................... 50
13. The alpha function of the Pb-Pd system

at 9 2 7 ° C ........................................  53
14. The beta function of the Pb-Pd system at

927°C............................................  5 4
15. The partial and integral molar free energies

of mixing of the Pb-Pd system at 927°C . . . .  57
16. The partial and integral molar entropies of

mixing of the Pb-Pd system at 927°C...........  58

vi



T 1274

Figure Page
17. The partial and integral molar heats of

mixing of the Pb-Pd system at 9 2 J ° C ...........  59
18. The excess partial and integral molar free

energies of the Pb-Pd system at 927°C...........  60
19. The activity plot of the Pb-Pd system at 927°C . 62
20. The activity coefficient plot of the Pb-Pd

system at 9 2 7 ° C . .................................  63
21. A plot of the Pb-Pd system to show the 

typical behavior exhibited by the Darken
m o d e l . ............................................  65

vii



T 1274

LIST OF TABLES

Table Page
I. Normal equations for liquid Pb-Pd alloys. . . .  47

II. Thermodynamic properties of lead in liquid
lead-palladium alloys at 927°C...............  51

III, Excess partial molar properties, and alpha
and beta functions of lead at 9 2 7 ° C ........ 52

IV. Excess partial molar properties of palladium
at 927°C.......................................  55

V. Partial molar free energy and entropy of 
mixing of palladium and activity and 
activity coefficients of palladium at 927°C . . 56

VI. Integral molar and excess integral molar
properties of the Pb-Pd system at 927°C . . .  6l

VII. Comparison of a few liquidus temperatures
in the Pb-Pd s y s t e m ..........................   64

viii



T 1274

ACKNOWLEDGMENTS

The author wishes to express his thanks to Dr. J. P. 
Hager for his guidance and stimulating enthusiasm through
out the course of this study.

Thanks are also due to the U.S. Bureau of Mines, 
International Nickel Corporation, and the Institute of 
Extractive Metallurgy for financial assistance given to the 
author and for the purchase of equipment and materials.

Sincere appreciation is also given to S. M. Howard for 
his valuable discussions and work which led to the comple
tion of this study.

ix



T 1274

INTRODUCTION

An increasing number of metallurgists are becoming con
cerned with the high-temperature investigations of metallic 
systems for practical applications in industry and for 
advances in basic research. The thermodynamic properties of 
the lead-palladium system have been determined, and a new 
technique incorporating the use of both the galvanic cell 
and the mass spectrometer has been developed. It has been 
found that, by use of the two instruments, the properties of 
both components in a binary system can be determined over 
the entire composition range, whereas the investigation 
using either instrument alone is incomplete.

Theory of the Galvanic Cell 
In a galvanic cell of the type

A U )
Electrolyte 
containing 
ions of A

A-B(alloy)^ (1)

the important relationship exists that the reversible elec
tromotive force, emf, of the cell is a direct measurement of 
the free energy of the cell reaction, which in this case 
would be the partial molar free energy of mixing of component
A.

1
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In the above cell, pure A, which is the more electro
positive component, is used as the anode, and an alloy of A
and B is used as the cathode. The two electrodes are 
bridged by an electrolyte containing ions of A.

The half-cell reactions of the system are as follows:

A ^ ^  *> A+n + ne~ at the anode (2)

+n «•A + ne A( alloy) at the cathode, (3)

and the overall reaction is therefore

AU) - A(alloy)U). (4)
If n equivalents of reactants are converted to products,

then nF coulombs of electric charge have passed through the 
cell, and the resulting free energy change is

AG = -nFE (5)
where,

AG = the Gibbs free energy change of reaction 
E = the reversible emf of the cell in volts 
n = the valence of component A in the electrolyte 
F = Faraday’s number = 23,063 cal/volt-equivalent.

Equation (5) can be expanded as
AG = AG° + RTlna. = -nFE. (6)

If the standard state of A in the alloy is chosen as pure 
liquid A, then
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and Eq. (6) becomes
MAG = RTlnc»A = Ga = -nFE, (7)

where,
MGa = the partial molar free energy of mixing of A in 

the alloy
C*A = the Raoultian activity of A in the alloy.

By knowing the change in emf with temperature, the 
partial molar entropy of mixing may be calculated by

• s" = - O g ”/3T)y = nF( 3E/3T) y . (8)A A XA XA

Since the free energy and entropy terms are now known, 
the partial molar enthalpy of mixing may be found by the 
relation

M m mHA = GA + TSA = -nF{E-T(3E/3T)x^}. (9)

Because the galvanic cell is such a sensitive instru
ment, the final thermodynamic values derived from the above 
relationships can be subjected to intolerable errors if 
certain conditions are not met. Since T a y l o r ^ f i r s t  
introduced the concentration cell in 1923, these errors have 
been gradually minimized due to the efforts of many inves
tigators who have determined what the most critical factors 
are and how they may be most effectively controlled.

The main sources of error seem to be centered around



T 1274 4

the electrolyte Itself, and the following conditions must 
be met in order to reduce the amount of error in the system:

1. The conductivity of the electrolyte must be entirely
ionic. If any electronic conductivity should take 
place, some electrons that should have been measured 
through the galvanometer would be transported 
through the electrolyte resulting in a lower emf 
reading.

2. The ions of A in the electrolyte must be present in
only one valence state, and this valence must be
known in order to calculate the desired thermo
dynamic values.

3. When readings are not being taken, the cell must be 
open-circuited to insure that the composition of the 
phases at the electrodes is not altered. Contamina
tion that might occur by reaction of the electrolyte 
with the lead wires, crucible, or cell atmosphere 
must also be avoided.

4. Displacement reactions of the more noble metal must 
be minimized. Wagner and Werner^b) have shown 
that the reaction
l/nB B(alloy) + l/nA AX(eleo) t  i/nA A (alloy)

+ l/nB BX (10)
occurring at the alloy-electrolyte interface, should 
be very small. The approximate percent error in the 
activity of A due to the displacement reaction can 
be calculated by the equation
e = (K/Xa )100

where,
e = the percent error in the activity of A 
K = the equilibrium constant for reaction 

XA = the mole fraction of A in the alloy.

The galvanic cell used in this study can be written
Mo,Pb(£) (PbO Si02) Si02.(B) Pb-Pd^j ,Mo. (11)
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In this cell, all of the possible sources of error previously 
described can be minimized or eliminated completely by taking 
a few necessary precautions, the most important being an 
expedient choice of electrolyte. In previous galvanic cell 
work, the most commonly used electrolyte has been a low- 
melting mixture of group IA chlorides to which a small amount 
of the compound ACln^ has been added (see Eq. (1)). The 
difficulty in using this type of electrolyte is that a dis
placement reaction of the more noble metal, B, often occurs 
because the Gibbs free energies of formation of the chloride 
compounds of A and B are not sufficiently different to pre
vent the noble metal from reacting. However, if the oxides
of the metals have free energies far enough apart that the 
displacement reaction will not occur, it would definitely be 
advantageous to use a molten oxide electrolyte.

The undesirable reactions that might possibly take 
place in the lead-palladium system are

Pd + PbO ->• Pb + PdO (12)
Pd + 2PbO 2Pb + Pd02 (13)

2Pd + 3PbO 3Pb + ^ ^ 2 ° 3

Previous studies on the lead-silver and lead-gold systems by
(2) (3)Hager and Wilkomirsky and Hager and Walker , respective

ly, have shown that the extent to which the activity of lead 
was affected by displacement reactions was much less than
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1 percent. Since palladium is as noble as silver or gold, 
it can be assumed that similar errors in lead activity are 
also negligible.

By electrotransport measurements, the above authors 
also found that the valence of lead ions in the electrolyte 
has a value of 2. Extremely small amounts of trivalent and 
tetravalent lead contribute a negligible amount to the 
established value.

Besides preventing the occurrence of displacement reac
tions, there are other good reasons for choosing an electro
lyte of PbO saturated with SiC^. First of all, the molten 
mixture exhibits only ionic conductivity, so there is no 
transfer of electrons across the electrolyte. Also contamin
ation of the system is avoided because silica saturation 
prevents reactions with the silica crucible containing the 
electrolyte and with the silica tubes encasing the 
molybdenum lead wires. Nor is there any contamination from 
the lead wires because they do not come into contact with 
the electrolyte and they do not react with the metal or 
alloy. Argon gas, constantly flushed through the cell, pre
vents any reactions with the atmosphere.

Theory of the T.O.F. Mass Spectrometer 
The use of the mass spectrometer has made possible the 

measurement of thermodynamic properties unobtainable by
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(k)other means. Belton and Fruehan ' have devised a method 
of determining the activity coefficients and the partial 
molar heats of mixing in a liquid binary system by observ
ing the gaseous species evolved from an alloy contained in a 
Knudsen cell. These properties can be calculated from the 
following equations after the ratio of ion currents of the 
components has been measured over a range of composition and 
temperature.

XA=XA
lnYA = - /

lnYB =

rM

xA=i

XB=XB
/

XB=!

Xgdln(IgXA/Ia Xb )

XAdln(I^XA/IAXB )

XA=XA
HY = -R f XRd
A XA=1 B

M XBf B3 = 1 XAx =i

3 In (
9(1/T)

31n(IB/IA )
3(1/T)

(15)

(16)

(17.)

(18)

The relative ion intensities of an isotope of species A
■j* *j-and B are designated as IA and Ig respectively.

The principle governing the operation of the mass spec
trometer is a relatively simple one, although the system 
itself is quite complex. The sample is contained in a 
graphite Knudsen cell and capped so that when the cell is 
heated, the vapors of the two constituents of the alloy can 
escape only by molecular flow through an orifice in the top
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of the Knudsen cell. It should be pointed out that the rela
tive abundance of the vapors of each species is the crux of 
the entire analysis since activity can be defined, under 
ideal gas conditions, in terms of partial pressures, and 
since the thermodynamic functions are derived from activity 
values.

As the sample vapors effuse upwards, they ultimately 
come into contact with the electron beam of the ionization 
chamber of a TOF mass spectrometer. The electrons are 
emitted from a tungsten filament and are accelerated across 
the chamber to the trap anode by the pulsing action of the 
control grid. The kinetic energy of a beam electron is 
sufficient to strip one or more electrons from an atom of 
the sample, thus making it a positive ion. Of course with; 
each spurt of electrons, ions are produced, and the entire 
lot is drawn out of the ion source by a series of negatively 
pulsed ion grids. As the ions are accelerated down the 
6-foot flight tube, the different species are displaced into 
separate sheets according to their mass-to-charge ratio. 
Usually the atoms will have had only one electron removed, so 
the separation is essentially dependent only on the relative 
masses of the different ionic species, the lighter ions 
reaching the end of the flight tube before the heavier ions. 
The relationship between the time-of-flight and the m/e ratio 
is
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1/2 1/2 , x t = d(1/2 V) (m/e) (19)
where d is the length of flight of the ions, and V is the 
accelerating voltage.

As each sheet of ions strikes the detector cathode, the 
ions dislodge secondary electrons, which are directed by 
crossed electrostatic and magnetic fields into the multiply
ing region. Here the number of electrons in the current is

H 7multiplied until gains of 10^ to over 10 are reached. The 
electrons are then lifted off the dynode strip onto the 
equipotential line of -70 volts and proceed to the gating 
region, where they can be channeled directly to an oscillo
scope or shunted into an electrometer amplifier for readout. 
The currents measured by the electrometer amplifiers and the 
peak heights observed on the oscilloscope are linearly 
related to ion abundance or species concentration. Quan
titative analysis is therefore easily obtainable.

If the peaks of the sample species are to be clearly 
distinguishable, in the spectrum, the system must operate 
under high vacuum. The evacuated chambers of the time-of-
flight mass spectrometer are maintained at pressures below 

—610” torr by means of mechanical forepumps, mercury-
diffusion pumps, freon-cooled baffles, and liquid-nitrogen
traps.
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Outline of This Study 
Both the galvanic cell and the mass spectrometer have 

limitations as to the composition of liquid alloys being 
studied. The galvanic cell cannot operate above 1050°C, 
approximately. Therefore, in order to obtain any useful 
information about an alloy, the composition should be such 
that the melting point of the alloy is about 950°C or lower. 
It is possible then, that thermodynamic values cannot be 
determined over the entire composition range if the melting 
point of the alloys becomes too high.

The practicality of the mass spectrometer is limited by 
the vapor pressures of the components in the Knudsen cell. 
First of all, the total pressure inside the cell must be low 
enough to allow molecular flow through the orifice. Also, 
the vapor pressures of the two constituents should be simi
lar enough that both can be detected over a wide composition 
range at a given temperature. In the case of the lead- 
palladium system, the vapor pressure of the lead is much 
greater than that of palladium. In other words, the mass 
spectrometer technique is limited to alloys of low lead 
content; otherwise the maximum permissible Knudsen cell 
pressure will be exceeded.

Originally this study was to have been a strictly 
galvanic-cell investigation on the thermodynamic properties
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of the lead-palladium system. As alloys of high lead con
tent were analyzed, a point was finally reached where the 
palladium content was significant enough to render the 
galvanic cell useless. If experimental data could not be 
obtained over the entire composition range, the properties 
of palladium could not be calculated, and the study would be 
incomplete.

It was decided to attempt an analysis of the high 
palladium alloys by use of a mass spectrometer in hopes that 
the data from the two methods could be correlated. The mass 
spectrometer technique was successful, and the obtained 
information was combined with the galvanic cell data, result 
ing in a completed system of thermodynamic values.

The desired experimental results were the following:
1. The partial molar and integral molar heats, free 

energies, and entropies of mixing of lead and 
palladium,

2. The excess partial molar and excess integral molar 
heats, free energies, and entropies of mixing of 
lead and palladium,

3. The activities and activity coefficients of both 
components over the entire composition range,

4. Verification of part- of the phase diagram.



T 1274

LITERATURE SURVEY

The Lead-Oxide Silica System
Much is known about the lead-oxide silica system

because of the many people who have investigated it. The
first to establish the phase diagram of the system were

(5)Krakau and Vakhramerw /  in 19 32. Their diagram is shown in
Pig. 1., Two years later these findings were verified, by

(6)Geller, Creamer, and Bunting
Preston and T u r n e r d e t e r m i n e d  the rates of volatili

zation of the two components, and from this information,
/ o \Callow' } was able to calculate the activities of PbO and 

SiC>2 . Activities of PbO in Si02 melts have also been deter
mined by Richardson and Webb^^ and Ito and Yanagese^^'

The thermodynamics of the system have also been studied, 
resulting in the free energy of formation of PbO in Pb0-Si02 
melts, determined by Sridhar and Jeffes^"^ using emf 
measurements from high-temperature galvanic cells, and also
the heats of formation of Pb0-Si02 glasses at 25°C, deter-

(12)mined by Shartis and Newman'
The important fact that the electrolyte possesses only

ionic conductivity was determined by Bockris, Kitchener, and
(13) (14)Davis , and by Bockris and Mellors , and more recently

12
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( 2 )  (3)by Hager and Wilkomirskyv and Hager and Walker

The Lead-Palladium System
An investigation of the Pb-Pd system by means of thermal

( )and microscopic work has been carried out by Ruerv , and
his thermal data have been plotted by Hansen^ ' resulting in
the phase diagram shown in Fig. 2, As of yet the evidence
confirming the existence of a few of the binary phases and
compounds is somewhat lacking giving rise to the question
marks and dashed lines in the diagram.

The only previous thermodynamic investigation of the
(17)Pb-Pd system has been done by Schwerdtfeger using the

galvanic cell,

Pb-Fdu ) (PbO-SiOg) j S102(s) 0?. (20)

The- main purpose of the study was to determine the activity 
of lead in different Pb-Pd melts. Activities were found for 
alloys consisting of 0.4, Q.5> 0.6, and 0.74 mole fraction 
lead. The values agree quite well with those obtained in 
this study with the exception of 0.74. A comparison is made 
in a later section which shows activity plots for both 
investigations. Schwerdtfeger also commented on the ionic 
conductivity of the electrolyte and experimentally verified 
the assumptions made in this study that no. displacement reac
tion of palladium occurs, and that lead is present in the 
electrolyte only as PbO.
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fig. 1. The lead oxide-silica equilibrium diagram.
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EXPERIMENTAL APPARATUS AND PROCEDURE

Experimental Apparatus

Galvanic Cell
A cut-away view of the galvanic cell Is shown In Fig. 3. 

The entire cell was contained in a Coors mullite tube 2 in. 
ID, which was placed in a vertical cylindrical Marshall 
resistance furnace. Actually two furnaces and two galvanic 
cells were used simultaneously, but the differences between 
them were so slight that the continued description will be 
made in terms of one furnace.

The electrolyte was placed in an opaque fused-quartz 
crucible 1-7/16 in. ID by 4 in. high. Pure silica tubes 
holding the standard lead' electrode and the sample alloy 
were 10mm ID. Each tube had two holes blown along the side, 
one to allow the electrolyte to enter and the other to allow 
the gases to escape. Inside the electrode tube was placed 
the molybdenum lead wire 0.05 in. diam. which was rigidly 
sealed inside a 3-nim-ID quartz tube.

Temperature in the system was controlled with a Foxboro 
Electro-mechanical controller and was measured with a Pt,
Pt-10% Rh thermocouple calibrated in situ against the melt
ing point of silver (960.8°C). The two thermocouple wires

16
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Figure 3 . Galvanic cell design.



T 1274 18

were separated by a Coors ceramic insulator which was pro
tected by a 4-mm-ID quartz tube resting in the electrolyte. 
The temperature calibration is given in Appendix I. A Leeds 
and Northrop potentiometer was the temperature-measuring 
device above ^850°C and below this temperature a Hewlett 
Packard differential voltmeter was used.

In order to seal off the cell from the atmosphere, a 
water-cooled brass head with a silicon rubber gasket was 
securely fastened to the top of the mullite tube. Rubber 
portals on top of the head provided an entrance and an air
tight seal for the electrode tubes, thermocouple tube, and 
argon inlet and exit tubes. A flow of argon was used to 
maintain an inert atmosphere inside the cell.

A schematic diagram of the entire system is given in 
Pig. 4. The vacuum pump shown in the schematic was not 
used in this study.

Mass Spectrometer
The mass-spectrometer system can be subdivided into 

three distinct categories for analysis: (1) vacuum system,
(2) inlet system with flight tube, (3) output and recording 
system. A detailed description of the entire network would 
be highly impractical; therefore, only the main features 
will be mentioned.
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The main purpose of the vacuum system is to provide an
adequate vacuum inside the flight tube and adjoining chambers
so that a spectrum with high resolution can be obtained. A
mechanical forepump is used to rough down the flight tube to
a point where a mercury diffusion pump can take over. Some
of the other undesirable matter in the atmosphere such as
hydrocarbons, water vapor, and air molecules are at least
partially condensed out in a cold trap of freon-cooled
baffles and liquid nitrogen. An ultimate vacuum of less 

-6than 10 torr can be expected with this design.
The heart of the apparatus is the Knudsen-cell inlet 

system and flight tube, shown in Fig. 5 . The graphite 
Knudsen cell containing the sample is heated by electron 
bombardment from tungsten filaments. All internal parts are 
constructed from metals highly resistant to corrosion such 
as tantalum for heat shields, stainless steel for tubing and 
grid meshes, and tungsten for filaments. It is imperative 
that every part in this system be kept clean; otherwise an 
excess of foreign matter will cause inaccurate results in a 
quantitative analysis. From the orifice in the Knudsen cell, 
effuse the volatile sample species that travel in a molecu
lar beam into the ion source. The molecular beam crosses at 
right angles to the electron beam which ionizes the molecules. 
By the pulsing sequence of the ion grids, the positive ions
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are drawn out of the chamber and accelerated down the flight 
tube to the detection unit. A schematic diagram of the ion 
source, flight tube, and collector is shown in Pig. 6.

The detection unit marks the beginning of the output 
and recording system. The spectrum resulting from ion 
detection can be observed either on an oscilloscope or a 
strip-chart recorder. On the oscilloscope screen the entire 
spectrum can be seen with ions of larger mass appearing 
farther to the right, and ions in greater abundance showing 
a taller peak. These peaks can be scanned with an adjust
able gate from one end of the spectrum to the other, and the 
results can be accurately recorded on chart paper for quan
titative analysis.

A picture of the Bendix Model 12-101A mass spectrometer 
used in this study is shown in Fig. 7*

Experimental Procedure

Preparation of Materials
Galvanic Cell
The first step in preparation for the galvanic-cell 

work was the making of the electrolyte. About 2700 grams of 
electrolyte was prepared by blending 67 wt-percent PbO and 
33 wt-percent SiC^ and firing the mixture in a muffle furn
ace for about four hours at 1000°C. The PbO was 99.9 percent
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pure, and the SiC>2 was of chromatographic grade between 50 
and 200 mesh. A pure quartz crucible, 3 in. ID by 5 in. 
high, was used in the melting operation to prevent any con
tamination and to insure silica saturation. The melt was 
poured into a steel mold, and after it had cooled, was 
crushed to -6 mesh for easy handling. The entire batch of 
electrolyte appeared homogeneous and exhibited a transparent 
yellow-green color.

Each alloy was prepared by mixing together lead gran
ules 99.99+ percent pure and small pieces of high-purity 
palladium cut from 0 .020-in.-diam wire.

Mass Spectrometer
If a sample alloy does not dissolve carbon or react 

with it in any other way, the alloy could be placed in the 
.bare graphite Knudsen cell and analyzed. However, it was 
found that both lead and palladium dissolve appreciable 
amounts of carbon; so it was decided to contain the alloy in 
a small, protective, alumina crucible 3 mm ID by 7 rrrni high. 
Since alumina also reacts with carbon, the crucible was 
separated from the Knudsen cell by a coil of thin tungsten 
wire. The alloy was then placed in the crucible and the 
crucible in the Knudsen cell. The whole device was heated 
by an induction unit in an inert atmosphere of helium until 
the sample melted and settled into a bead at the bottom of
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the protective crucible. Several beads of varying composi
tion were made in this way and stored, making them easily 
accessible when needed for a run.

Method of Operation
Galvanic Cell
The method of operation of the galvanic cell can be 

broken down into two sections: (1) preparing the cell for
operation and (2) recording of data.

In preparing the cell, about 200 grams of electrolyte 
was placed in an opaque quartz crucible and lowered to the 
bottom of the reaction tube. The temperature of the furnace 
was slowly raised to about 1000°C; and after the electrolyte 
had become molten, the thermocouple tube and electrode tubes 
were lowered into it, and the brass head was fitted over the 
tubes as shown in Pig. 3. An argon gas flow was immediately 
started to insure that no cell oxidation would occur. After 
three or four days, the molybdenum leads were inserted in 
the electrode tubes, and the cell was tested to determine if 
it had come to equilibrium.

When equilibrium had been reached, data were taken at 
approximately these temperatures: 1000, 970, 940, 910, 880,
850, 820, 790, 760, 745, 775, 805, 835, 865, 895, 925, 955, 
985, and 1015°C. A number of readings were taken at each 
temperature 15 min. apart to test equilibrium, and about
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4 hours were allowed between each temperature change for the 
system to become stable. Data were taken with a potentiometer 
down to about 850°C, at which point the electrolyte became 
viscous enough to cause inaccurate readings. Below this 
point the differential voltmeter was used, which gave pre
cise results, provided the furnace was turned off momentar
ily to eliminate any induced emf.

At the end of each run, the brass head and tubes were 
removed, and new electrode tubes inserted. Again three or 
four days were allowed for the new alloy to stabilize, and 
the procedure was repeated.

Mass Spectrometer
The Knudsen cell was prepared as described previously, 

and a small piece of silver, approximately 0.002 g, was 
placed in a separate compartment of the cell for thermo
couple calibration. Next the Knudsen cell furnace assembly, 
also known as the tower, was inserted in the mass spec
trometer; and the system was pumped down below 1 0 torr. A
thermocouple calibration was made by heating the sample
slightly above the melting point of silver and then slowly 
cooling the sample until the Ag ion intensity remained 
constant, indicating the point of solidification. This same 
procedure was followed for each new alloy. The cell was 
then heated to the maximum temperature of analysis, about 
1500°C, and held there for about 5 min., after which time
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all silver had been vaporized.
Relative ion intensities of the two constituents of the 

alloy were then graphed simultaneously on a strip-chart 
recorder. The temperature was then lowered about 2 5°C; and 
after the system had equilibrated, the ion currents were 
again recorded. About eight readings were taken for each 
sample at succeedingly lower temperatures to prevent revapor
ization of the species that had condensed on the heat shields. 
The sample was then removed, and the furnace assembly rein
serted; and any material remaining on the heat shields was 
baked off under vacuum at a temperature of about 2000°C.

A new alloy and a piece of silver were then placed in 
the respective compartments of the Knudsen cell, and the 
operation was repeated.
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REDUCTION OF EXPERIMENTAL DATA

The raw experimental data were reduced to the desired 
thermodynamic values by the equations given in this section. 
Computer programs were used extensively in calculating the 
properties of both components and also in finding the best 
straight line through a set of data points by use of the 
least-squares method. The uncertainties in the final values 
were also calculated to show the accuracy of the experimental 
method.

Method of Thermodynamic Calculations

Galvanic Cell
The galvanic cell used in this study was

If pure liquid lead is taken as the standard state of 
lead at the temperature involved, the resulting change in 
free energy can be calculated by

(21)

having an overall cell reaction of

Pb . v Pb . .U )  (alloy) (£) (22)

AG = y -y° =GP,Pb(alloy) Pb(A)
M=Gn =RTlna‘Pb -nFE (23)

29
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where,
lip , = chemical potential of lead in the alloy atbCalloy; temperature T
lip , . = chemical potential of pure liquid lead

 ̂  ̂ taken as standard state
n = number of equivalents of lead oxidized at

the anode, taken as 2
F = Faraday’s constant = 23,063 cal/volt-

equivalent
E = reversible emf of the cell in volts.

From this equation the activity of lead can be calcu
lated, and then the activity coefficient can be found by the 
definition

YP b s a Pb/xpb - (24)

The partial molar entropy of mixing of lead is calcu
lated by using the slope of the lines of the emf vs. T plot
as follows:

MS“ = nF(3E/3T)v . (25)Pb Pb

By combining Eq. (23) and (25), the partial molar heat 
of mixing is found by 

M M  M
HPb = 6Pb + TSPb = -nF{E-OE/3T)Xpb}. (26)

The equations defining the excess partial molar proper
ties are

GPb = GPb - GPb(ideal) = “nFE " RTlnXPb = RTlnYPb (27)
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F M MSPb = SPb " SPb(ideal) = nPOE/3T)Xpb + RlnXpb (28)

H?b = HPb “ HPb(ideal) = GPb + TSPb• <29>
E M  MNote that Hpb = Hpb because Hpb(ideal) = °*

After the properties of lead have been calculated, the 
corresponding values of palladium may be determined by use 
of the Gibbs-Duhem equation. Integration of the equation is 
facilitated by two functions defined as

“Pb E GPb/(1_XPb)2 = RTlnYpb/(l-Xpb)2 (30)

Bpb = Hpb/ (1-Xpb)2 . (31)

With these functions known, the excess partial molar 
properties of palladium may be calculated by the equations

xPb
GP d = -aPbxPbxP d + ' “pbdXpb (32)

XPbF M
HPd = HPd = " ®PbXPbxPd + fQ SpbdXPb (33)

sld = <HPd - GPd)/T- (34)
The corresponding, partial molar properties of mixing

are

GPd = GPd + RTlnXPd (35)

sPd - SPd “ RlnXPd‘ (36)
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The integral molar properties of mixing in the lead- 
palladium system can now be expressed by the equations

■ x PbGPb + x PdGPd ( 3 7 )

hM = x PbHPb + x PdHPd ( 3 8 )

sM = x P b SPb + x P d SP d  ( 3 9 )

GM = hM - TSM . (40)

The excess integral molar properties are given by the 
equations

«E = xPbGpb + xpdGPd (41)

hE - xPbHPb + xPdHPd <42)

sE “ xPbsP b + xPdHPd (^3)

GE = HE - TSE . (44)

Mass Spectrometer
The quantity which is measured directly in the mass

spectrometer technique is the ratio of ion intensities,
+ +Ipd/Ipb* produced by vaporization of the liquid binary alloy. 

Since the relative ion intensities are an indication of the 
relative partial pressures of the binary constituents, it 
follows logically that the activities or activity coef
ficients of the species could be calculated directly. The
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equations used in calculating activity coefficients are
xPb=xPb 4 d xpb

l n Y Pb “  -  '  x P d d l n < 7 - T - )
x P b - 1  Pb P d

x P d = X P d  I p d XPb
l n Y Pd = S x P b d l n ( 7F  ) ( i t 6 )

x P d _ 1  Pbx Pd

A rigorous derivation of the basic equations used in the
/ -I O N

mass-spectrometer study is given by Jones^
The problem now is to correlate the mass-spectrometer 

data with the galvanic-ce11 data. The procedure involves con
verting values of lnYp^ obtained from the galvanic cell to

-L -J-equivalent values of lnClp^Xp^/Ip^Xp^) and plotting these 
new values against Xp̂ -. This conversion is accomplished by a 
step-by-step integration procedure carried out over the range 
of galvanic cell data points. First of all, Eq. (45) can be 
written in a more convenient form 

XPb=XPb
inYpb = - f  Xpddln(Y) (47)

XPb = 1
T+ X Pd Pbwhere Y = —t  .
IPbXPd

The value of Xpd can be approximated on any ntlri integration 
step by the expression

Y = XP d ( n )  + XP d ( n - l )Pd(ave) 2
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which can be removed from the integral leaving
XPb=XPb

lnYPb = “XPd(ave) Y ' . dln<Y >* (48)
Pb

Evaluating Eq. (48) between the limits of integration gives

lnYPb = "XPd(ave) (ln(Y)Xpb=Xpb " ln(Y)Xpb = l)' (1<9)

which can be rearranged into
ln(y) „ = - y i £ S„ .. . + ln(Y) • <50)

Pb” Pb Pd(ave) APb_J-

The value of ln(Y)x^ =1 cannot be found from the availablePb .-1-
galvanic-cell data, but, since it is a constant value and
appears in every calculation, it can be arbitrarily chosen
as a starting point from which all subsequent calculations
are made. Thus, Eq. (50) can be simplified to

lnYphln(Y)x _ Y = - ~— £2----  + c. (51)
Pb Pb Pd(ave)

In this way all galvanic-cell data points will have the 
proper values in relation to each other even though the 
curve as a whole may be displaced horizontally from its 
correct position depending on the value assigned to C (see 
Pig. 11). One should now be able to translate the galvanic
cell curve along the horizontal axis until it becomes coin
cident with the straight-line portion of the graph obtained 
by the mass spectrometer. A graphical integration may now 
be performed and the values of InYp^ in the high palladium
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region may be calculated by use of Eq. (45).
Partial molar heats of mixing could also have been 

determined by the mass-spectrometer method using the equa
tions

XPb~XPb
Hpb -  - R x  f n xPdd 

Pb

SlnCip^/Ipb)
3(1/T) -<XPb

.. xPd_XPd
H1* = R f  XD, dPd v -nPd

31n(Ipd/Ipb )
3(1/T)

(52)

(53)
XPd

It is seen that the partial molar heats of mixing are a 
function of the slopes of the lines in Fig. 10. After 
scrupulously analyzing the mass-spectrometer data, it was 
decided that the accuracy of the slopes of the lines 
especially for Xpb = 0.30 was not good enough to give mean
ingful results. It was estimated that the error in slope 
determination is greater than the error in evaluation at any 
particular point by at least one order of magnitude. There
fore, even though the point values taken from the graph for 
calculation of activity coefficients were reasonably accur
ate, the slope values for calculation of partial molar 
heats of mixing probably were.not.

Since the partial molar heats of mixing in the high 
palladium range were a necessity in order to complete the 
study, it was decided to calculate what the values should 
be by extrapolating the galvanic-cell entropy curve to
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Xpk = 0 and utilizing the equation

HPb = GPb + TSPb (5 4)

since the free energy terms were already known over the 
entire composition range. In order to help justify the pro
cedure and substantiate the calculated heat values, a plot
was constructed, similar to the activity coefficient plot, of

vs. X131n (Xpd/Ipb )
3(1/T) J xPb Pb

to see if the two curves were congruent in the region of 
intersection.

The activity coefficient of heat integration plots com
bining galvanic-cell and mass-spectrometer data are given 
in Chapter V.

Method of Calculating Pd Properties
All of the thermodynamic properties of palladium could 

have been calculated directly from the activity coefficient 
integration curve and the heat integration curve, but it was 
decided to take another approach. Previous studies have 
been performed on the Pb-Ag, Pb~Au, Pb-Ag-Au, and Pb-Pt 
systems in which the properties of the noble metal were 
determined by the classical Gibbs-Duhem integration using 
the alpha and beta functions described previously. In this 
study it was decided to construct graphs of a and 3 vs.
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Xpb to see if there were any similarities between these 
plots and those of the other systems. Also it was felt that 
it would be a good check on the system if the values calcu
lated from the galvanic cell and the values calculated from 
the two integration plots mentioned above had a smooth 
transitional region when plotted together. As will be 
shown in the next section, the point of intersection of both 
the a and 3 functions was continuous, and the curves over 
the entire composition range showed so little scatter that 
it was decided to calculate the palladium properties by the 
classical method rather than by the modified Gibbs-Duhem 
equation based on the integration curves.

If a quantity, Q, is a function of several measured 
independent variables, x, y, x, ..., the error in Q due to 
the errors <5xT , <Sy ’ , <5zf, ... is given by the equation

6Q = (6Q/6x)<Sxt + (6Q/6y) 5y ’ + (6Q/6z)6zT + ___  (55)
The most probable value of Q is given by

where <Sx, 6y, and 6z are the maximum deviations of the 
errors 6x’, <SyT, and 6z’.

Determination of Uncertainties

3Q/3x) (6 x) + (3Q/3y) (6y)+(3Q/3z)(<Sz)
(56)
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The following uncertainties have been calculated by use 
of this principle:

Uncertainty in the Temperature Readings: The total
uncertainty results from two separate sources: (1) uncer
tainty due to thermocouple calibration given in Appendix I 
= ±0.2°C, and (2) uncertainty due to temperature drift 
during experimental run = ±0.5°C.

The total uncertainty using Eq. (56) is
ST = ±0.5°C.
Uncertainty in the emf and (3E/3T) Readings: A computer

program was used to calculate the total uncertainty in the 
emf by a least-squares analysis. The uncertainties of the 
first three high lead alloys are shown below.

Xpb = 0.90 Semf = ±0. 2mv S(3E/3T) = ±0.00017 mv/°K

Xpb =0. 80 Semf = ±0.6mv S(9E/8T) = ±0.00050 mv/°K

Xpb = 0. 75 Semf = ±0.9mv 6(3E/3T) = ±0.00075 mv/°K

The least-squares method was also used to give the total 
uncertainty in (3E/3T) for the same alloys.

Uncertainty in the Mole Fraction of Lead: The values
for mole fraction of lead used in this study were determined 
by weighing the amounts of lead and palladium used in an 
alloy with an analytical balance. The uncertainty in the 
mole fraction could have been determined at the end of each



T 1274 39

run by performing a chemical analysis on the alloy. However,
extensive chemical analysis evaluations were made by 

(19)Zambrano for the Pb-Au-Ag system using an atomic absorp
tion unit, and it was found that the uncertainty in the 
mole fraction of lead was well within the tolerable limits 
of error. Because of these findings, no chemical analyses 
were done on the Pb-Pd system, but the Zambrano values 
shown below were used in the calculation of some of the 
uncertainties presented later.

The maximum uncertainty in the chemical analyses of 
the standards was

6'Xpb = ±0.0013.
The maximum uncertainty in the chemical analyses of the 
alloys was

6MXpb = ±0.008.

The total uncertainty in the mole fraction of lead was

6xPb = C(6'xPb)2 + (6"xPb)2̂  = ±o-°°8-
Uncertainty in the Lead Activity: The uncertainty in

the activity of lead i-s given by

6 Pb = [(nFE/RT2)2 (e“nFE/RT)2(6T)2

+ (e”nFE/RT)2(-nF/RT)2(6E)2] 2 (57)

which simplifies to
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1— ■—nFE/RT 2 r- 2 2 2~i ^
6 pb = { [ ( n F / R T ) ( e  )J [(6E) + ( E / T ) ‘i (6 T )  J } \  ( 58)

The uncertainty corresponding to the alloys above are ,

x Fb = 0 .9 0 6 Pb = ± 0 .0 3 2

x Fb = 0 .8 0 <5
Pb = ± 0 - ° 35

x Fb = 0 .7 5 6 Pb = ± 0 .0 3 7 .

M M MUncertainties in Gpb, Hpb, and Spb: When Eq. (23),

(25), and (26) are used in conjunction with Eq. (56), the 
following equations are obtained:

6Gpb = [(nF)2(6E)2] 3s (59)

6HPb = {(nPl5E)2 + [nF(3E/3T)6T]2 + [ nFT6 (3E/3T) J2 }’S (60)

Ss”b = {[nFSOE/ST)]2}"4 (61)

The uncertainties calculated from these equations are

xPb «Gpb (oal/gfw) 6Hpb (cal/gfw) 6Spb(cal/°K-gfw)
0.90 9.2 13.2 0.0078
0.80 27.7 39.2 0.0231
0.75 41.5 58.7 0.0346

E EUncertainties in Gpb and Spb: The following uncer

tainty formulas are derived from Eq. (27), (28), and (56). 

6Gpb = { (nF6E)2 + R2 [(lnXpb6T)2 + (T<5Xpb/Xpb )2] (62)

6Spb = { [nF6 ( 3E/3T)] 2 + [R(6Xpb/Xpb ) ] 2 } ^ (63)
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The resulting uncertainties are

XPb 6G^b (cal/gfw) 6Spb (cal/°K-gfw

0.90 21.1 0.0193
0 . 80 36.6 0.0305
0.75 48.7 0.0406

Uncertainties in the properties of palladium can only 
be estimated, since no measurements were performed on 
palladium directly. Since all of these values were- calcu
lated by integration of the Gibbs-Duhem equation by use of 
the a and 3 plots, any uncertainty in addition to that 
already calculated for lead must come from scatter in the 
a and 3 functions themselves. By observing the graphs of 
Fig. 13 and 14, it can be seen that the values deviate only 
slightly from the line. Therefore it is reasonable to 
expect that the uncertainties in palladium properties will 
be approximately 1.5 times the uncertainties in the cor
responding properties of lead.
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RESULTS

Experimental data from the galvanic cell study is rep
resented in graphical form in Pig. 8 and 9 and in tabular 
form in Appendix II. Normal equations for the different 
alloys in the straight-line portion of the curve and other 
related information are shown in Table I.

Mass-spectrometer experimental data is given in Pig.
10, and the activity coefficient integration and heat inte
gration curves which facilitated completion of this study 
are shown in Fig* 11 and 12. Pig. 11 shows converted 
galvanic-cell data and the data from the mass spectrometer 
for calculating activity coefficients directly. Fig. 12 
shows converted galvanic cell data and the line extension 
which resulted from partial molar heats of mixing of lead 
calculated from galvanic-cell data and mass-spectrometer 
data.

Data from Table I used in conjunction with Eq. (23)> 
(25)> and (26) give the partial molar properties of mixing 
of lead along with the activities and activity coefficients. 
These values are given in Table II.

From Eq. (27), (28), and (29) the excess partial molar 
properties are calculated and are given in Table III along

42
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with the values of the alpha and beta functions. Plots of
the alpha and beta functions vs. X̂ , are shown in Fig. 13 andr b
14.

Integration of the Gibbs-Duhem equation yields the 
excess partial molar properties of palladium as calculated 
from Eq. (32), (33), and (34). These values are given in 
Table IV.

The partial molar properties of palladium can now be 
found by Eq. (33), (35), and (36) and these are tabulated
together with the activities and activity coefficients of
palladium in Table V.

Now that all partial and excess partial molar properties 
have been determined, the integral and excess integral molar 
values may be calculated by Eq. (37), (38), and (39). All 
of these corresponding properties are grouped and plotted 
in Fig. 15, 16, 17, and 18. These values are also listed in 
Table VI.

The activities and activity coefficients for both lead 
and palladium over the entire composition range have been 
calculated, and the plots are shown in Fig. 19 and 20. In 
the activity plot, the values determined by Schwerdtfeger 
at 900°C are also shown.

A comparison is made in Table VII of the liquidus 
temperature of three alloys as determined in this study and
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as determined from the phase diagram obtained by H a n s e n ^ ^
pFinally a plot of lnY^ vs. (1-x^) is given by Fig.

21 to show the linear behavior exhibited by some metallic 
binary systems as investigated by Darkenv J . Equations 
partially representing the graphs are given as

2lnYpb = -12.56 Xpd - 10.14 (0 £ X < 0.44) (64)

lnYpb = - 7.50 Xpb - 10.43 (0 < X?d < 0.40). (65)
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Fig. 8. Experimental data from the galvanic cell.
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Table I: Normal equations for liquid Pb-Pd alloys,

fpb E , mv (T uc) Temp. Range (T

0.90 3.29 + 2.89 X 10“3T 773 - 991
0. 80 8.18 + 7.08 X i o”3t 753 - 1018
0.75 9.28 +11.51 X 10“ 3t 758 - 1009
0.70 12.65 +15.0 4 X 10“ 3t 755 - 1002
0.65 14.20 +21.98 X i o“3t 756 - 1031
0,60 23.57 +25.12 X i o“3t 768 - 1019
0.50 46.86 +39.23 X i o “3t 793 - 1055
0.44 77.62 +46.00 X i o“3t 768 - 10 35
0.42 90.42 +51.19 X 10“3t 816 - 964

0
•

0 131.16 +28.56 X i o~ 3t 862 - 1025
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Fig. 10* Experimental data from the mass spectrometer.
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vOĈ\

x
cvo~\

o
toC\J•H

CO

>0,3J> o C"~<r\ q

^ o o 0O rO I CD O -P v£)

£

oM

1—

•a
4- *•
H

\
1.5 £
H
> **

(O

or

Fig
. 

12.
 

Hea
t 

in
te
gr
at
io
n 

cur
ve*

 at
 
137

7°C
 
for
 
the
 
liq

uid
 
Pb-

Pd 
sys

tem
.



T 1274 51

Table II: Thermodynamic Properties of Lead in Liquid Lead'
Palladium Alloys at 927°C.

fpb rMPb h mPb SMPb a Pb YPb

0.90 -275 -115 0.13 0.891 0.990
0. 80 -680 -288 0.33 0.752 0.940
0.75 -920 -283 0.53 0.680 0.906
0.70 -1227 -394 0.69 0.598 0. 854
0.65 -1595 -378 1.01 0.512 0.788
0.60 -2161 -771 1.16 0. 404 0.673

0 • VJl 0 -3839 -1667 1. 81 0.200 0. 400
0. 44 -5547 -3001 2.12 0.098 0.222
0. 42 -6 359 -3526 2. 36 0.070 0.165
0.40 -7271 -5690 1. 32 0.047 0.119
0.40*
0 .30*

-7073
-11518

-4043
-7438

2.53
3.40

0.052
7.98xlo“3

0.129
0.027

0.20* -17150 -II870 4. 40 7.54x10*"^ 3.77xl0“3
0.05*
0.00*

-28500 -21240 6.05 6.45xlO~6 -41.29x10
3.97xl0~5

*These values were calculated by means of the activity inte
gration and heat integration plots with the exception of 
the entropy values which were extrapolated from the entropy 
curve of galvanic-cell data.
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Table III: Excess Partial 
Beta Functions

Molar Properties, and 
of Lead at 92 7°C.

Alpha and

XPb Pb SEbPb aPb 3Pb

0.90 -24 -0.08 -2385 -11513
0 . 80 -147 -0.12 -3687 -7199
0.75 -234 -0.04 -3748 -4526
0.70 -376 -0.01 -4179 -4378
0.65 -567 0.16 -4631 -3086
0.60 -943 0.14 -5895 -4818
0.50 -2185 0. 43 -8743 -6668
0. 44 -3589 0.49 -11449 -9.568
0. 42 -4290 0.64 -12753 -10481
0.40 -5086 -0.50 -14127 -15805
0. 40* -4888 0.70 -13578 -11231
0 .30* -8647 1.01 -17647 -15180
0.20# -13312 1.20 -20800 -18547
0.05# -21356 0.10 -23663 -23535

*These values were calculated by means of the activity inte
gration and heat integration plots.
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O Galvanic-Cell Data

E  Calculated from Fig. 11

-12

«HtlOS:
-16O

-20

-28 0.60.2 0.80 1.0

Fig, 13* The alpha function of the Pb-Pd sĵ stem at 927°C 
used for the determination of the properties of palladium.
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O Galvanic-Cell Data
□ Calciliated from Fig, 12

-16

-20

-28
0,6 80 0.2 0. 1.0

XPb
Fig. 14« The beta function of the Pb-Pd system at 927°0 

used for the determination of the properties of palladium.
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Table IV: Excess Partial Molar Properties of Palladium at
927°C.

XPb GPd HPd SPd

0.9 -290 -380 00001

0.8 -1206 -1398 -0.16
0.7 -2792 -2846 -0.05
0.6 -4774 -4662 0.09
0.5 -696 3 -6575 COCO•

0

0.4 -8450 -7758 0.58
0.3 -9465 -8522 0.79
0.2 -10128 -8848 1.07
0.1 -10742 -9698 0.87
0.0 -12016



T 127^ 56

Table V: Partial Molar Free Energy and Entropy of Mixing of
Palladium and Activity and Activity Coefficients 
of Palladium at 927°C.

fpd
rMPd apd YPd sMPd

0.9 -541 0.739 0.821 0.13
0.8 -1738 0.356 0.445 0.28
0.7
0.6

-3642
-5992

0.179
2.70x10

0.171
4.50xl0“2

0.66 
1.11

0.5 -8616 4.77x10 9.53x 10"3 1.70
0.4 -10635 I.l6xl0-3 2.89xl0“3 2.40
0.3
0.2
0.1

-12336
-13966
-16233

3.93xl0-3
1.55x10
4.22x10“

1 .31xl0“ 3 
-47.75x10

4.22xl0“5

3.18 
4.26 
5. 44

0
•
0 2.96x 10”5
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-12
Pd

Pb
-16

-20

O Galvanic-Cell Data 
G Calculated from Fig. 11 and 12

0.6 0.80.2
XPb

Fig. 15# The partial and integral molar free energies of 
mixing of the Pb-Pd system at 927°C.
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7.0

O Galvanic-Cell Data

□ Calculated from Fig. 11 and 126.0

Pb

5.0

4.0

3.0

2.0

1.0

0.6 0.80.2

*Pb
Fig. 16. The partial and integral molar entropies of 
mixing of the Pb-Pd system at 927°C.
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-8

Pd

Galvanic-Cell Data►H

E Calculated from Fig, 11 and 12
•h -16

-20

0,6 0,8 1.00.20

^Pb
Fig, 17. The partial and integral molar heats of mixing 
of the Pb-Pd system at 927°C.
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0

Pd

-12

Pb
-16

O Galvanic-Cell Data 
E Calculated from Fig. 11 and 12

-20

0.8 1.00

P̂b
Fig. 180 The excess partial and integral molar free energies 
of the Pb-Pd system at 927°C.
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Table VI: Integral Molar and Excess Integral Molar Properties
of the Pb-Pd System at 927°C.

i k hm ' e f !
MG EG ES

0 .9 - 1 071 0 .675 -1880 -1105 0 .029

0 . 8 - 1 97 1 1 .136 - 3334 -2 1 4 1 0 . 1 4 1

0 . 7 - 2809 1.455 -1)554 -30 98 0 . 24 1

0 .6 -3506 1 .696 - 55 41 -3937 0 .359

0 . 5 -4125 1 .747 -6222 -4569 0.370

0 .4 -4410 1 .681 -61)28 -4 8 2 3 0.344

0 . 3 -4227 1 .476 -5998 -4542 0 .2 63

0 . 2 -2386 1.112 -4820 -3627 0 . 11 7

0 . 1 -2108 0 .660 - 2  899 -2124 0 .014
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1.0

This Study at 927 C 
Schverdtfeger at 900° G

0.8

IDEAL

0.6

Pd
0.4

0.2

0.6 0.80.2

Fig. 19. The activity plot of the Pb-Pd system at 927 C.
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1.0

0.8

0.6

0.2

0.6 0.8 1.00.40.20

Fig. 20. The activity coefficient plot of the Pb-Pd 
system at 927°G.
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VII: Comparison of a Pew Liquidus 
Pb-Pd System.

Temperatures in ■

XPb Hansen (T°C) This Study

° 
1 

• 
]

-Cr 
j

O 858 854
0.42 815 813
0.44 755 769
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0

Pb

Pd
-6

0*6 0.80.20 1.0

(1-X^2
Fig. 21. A plot of the Pb-Pd system to show the typical 
behavior exhibited by the Darken model.
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DISCUSSION

The results of this study, presented in the preceding 
section, will now be discussed as to evaluation of errors, 
comparison of results, and comparison with metallic solu
tions models.

Evaluation of Errors

Galvanic Cell
The three measured quantities of the galvanic-cell 

study were temperature, alloy composition, and emf. The 
uncertainties in these three measured quantities were dis
cussed earlier.

Temperature readings were always within ±0.5°C, and 
emf measurements never fluctuated more than ±0.05 mv. The 
most unstable emf readings were taken either below 850°C, 
due to the increased viscosity of the electrolyte, or above 
1000°C, possibly due to concentration gradients in the 
electrolyte resulting from silica unsaturation.

The stability of the electrolyte was verified by remov
ing and examining it after a series of runs. The elec
trolyte always showed the same pale, clear color, indicating

66
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that it had not been contaminated. Neither the crucible
nor the electrode tubes showed any sign of attack, but some
precipitated silica on the inside wall of the crucible
showed that the mixture was at silica saturation. No
electro-transport measurements were made, but from evidence

(2) (3) (17)based on previous work * , it was assumed that no
electronic conductance or tetravalent lead ions were present.

In considering the above information, it would seem 
that the cell design and experimental technique were suf
ficiently adequate. Therefore, the only other sources of 
error could have been a displacement reaction or dissocia
tion reaction.

The displacement reaction was discussed earlier and is
represented by Eq. (10). Earlier investigations of dis-

(3) ( 2 )placement reactions in lead alloys of gold , silver , 
and platinum^^ * (^l) j_ndj_ca^ed that the extent of oxida
tion of the more noble component contributed a negligible 
amount to the error analysis. The nobility of palladium 
was not challenged, but it was felt safe to assume that the 
error involved in the palladium displacement reaction could 
be disregarded entirely.

The dissociation reaction mentioned above is

Pb0(elect.) ^ Pb( a l l o y ) ^  + ~(wt-$ a l l o y ) ^

which could have resulted in either lead enrichment in the
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alloy or oxygen contamination in the alloy. Errors due to 
deposition of lead in the alloy could be neglected since the 
steadiness of the cell potential readings indicated that no 
change in alloy composition was occurring. Oxygen solubil
ity calculations performed earlier by Hager and 

(2 )Wilkomirskyv ' on lead-silver alloys determined that the 
equilibrium wt-percent oxygen for reaction (59) at 1000°C, 
taking the standard state as 1 wt-percent oxygen dissolved 
in lead, was 7.3x10 for -  1.0. It was also found
that oxygen solubility decreased with increasing silver con
tent. If it can be assumed that the oxygen solubility in 
lead-palladium alloys is comparable to these figures, the 
error due to oxygen contamination can be completely ignored.

Mass Spectrometer
No experiments were done in this study to determine

uncertainties or sources of error in the mass spectrometer,
(22)but Hager, Howard, and Jones have done an extensive

analysis, and the following discussion is based on their 
work.

The possibility of any appreciable error due to tempera
ture gradients in the Knudsen cell was eliminated by four 
experiments. In one experiment, a freezing point determina
tion was made of liquid silver contained in different com
partments of the cell, and it was found that the freezing-
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points agreed within 2°C. Also, the total uncertainty in 
the actual temperature measurement was found to be approxi
mately ±1°C.

A source of error always present in the mass-spectrometer 
system is revaporization of the sample species from the 
furnace walls. Not all of the effusing vapor from the 
Knudsen cell travels directly into the ionization chamber.
Some of it condenses on the sides of the furnace and then 
revaporizes and enters the ionization chamber at a different 
composition from that of the Knudsen cell. From experiments 
done on the Au-Cu system, it was found that the error intro
duced by revaporization ranged from 0.0 percent to 3.0 
percent, and even the 3.0 percent lay within the limits of 
uncertainty of the data.

Another source of error, especially prevalent in the 
Pb-Pd system, is the gradual change in composition of the 
sample alloy. Since the rate of vaporization of lead is 
much greater than that of palladium, lead will be depleted 
from the sample fast enough to alter the composition 
significantly if enough time were allowed. However, it was 
found that by weighing the sample before and after each run, 
the weight loss was negligible, and no error resulted. Even 
if the weight loss had been appreciable, it could have been 
attributed entirely to lead and the data could have been 
averaged corresponding to an average alloy composition.
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Comparison of Results
Data obtained from this study were compared with that

from two other sources. Galvanic cell studies by 
( 17)Schwerdtfeger' 1 were discussed previously, and these 

activity values at 900°C were plotted in Pig. 16. The 
agreement was quite good between the two works, with the 
exception of the value at Xpb = 0.74.

Another comparison was made by taking points from the 
liquidus portion of the phase diagram established by 
Hansen and checking these liquidus temperatures with
those obtained in this study. The two sets of data are 
given in Table VII and the agreement was found to be quite 
reasonable.

Comparison With Metallic Solution Models
The thermodynamic behavior of certain binary metallic

systems can be predicted if the system can be classified as
one of the established metallic solution models. The three
classical models are designated as ideal, regular, and
sub-regular solutions. Recently another model has been

(23)proposed by Darken which exhibits a linear behavior of 
InY. vs. (l-Xn-)2 »

An ideal solution is one in which
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M1. H = 0
M M 

2 ‘ 3 = 3 (ideal)
3. VM = 0
4 . a jL = 0 o r  = X± .

A r e g u l a r  s o l u t i o n  i s  o n e  i n  w h ic h  

1. HM ? 0
o oM _ qM
2 * b "  ( i d e a l )

3. = constant.

A s u b r e g u la r  s o l u t i o n  i s  o n e  i n  w h ic h

1. HM ? 0

o oM _ qM
2 * b “  ( i d e a l )

3 . a_  ̂ = a  l i n e a r  f u n c t i o n  o f  c o m p o s i t i o n .

T h e  l e a d - p a l l a d i u m  s y s te m  d o e s  n o t  se em  t o  f i t  i n t o  a n y

o f  t h e s e  c a t e g o r i e s .  I t  d o e s ,  h o w e v e r ,  f i t  t h e  D a rk e n  m o d e l

a t  l e a s t  o v e r  p a r t  o f  t h e  c o m p o s i t io n  r a n g e  as c a n  b e  s e e n  

i n  F i g .  2 1 .



T 1274

CONCLUSIONS

Work done on the lead-palladium system by means of the 
galvanic cell and mass spectrometer has led to the following 
conclusions:

1. The galvanic cell is a precise tool for gathering 
thermodynamic data in the high-lead composition 
range.

2. The mass spectrometer can be used in the low-lead 
composition range to acquire information that is 
unobtainable from the galvanic cell.

3. Systematic errors due to displacement and dissocia
tion reactions are negligible.

4. The activities of lead and palladium show a strong 
negative deviation from Raoult1s Law yielding the 
values Ypb = 3.97x10-5 and Ypd = 2.95x10-5.

5. The lead-palladium system does not behave like any 
of the classical solution models, but does fit the 
Darken model.

6. The thermodynamic properties of the lead-palladium 
system as determined by previous investigators were 
verified.

72
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SUGGESTIONS FOR FURTHER WORK

With the development of the galvanic-cell mass-
spectrometer technique, binary systems of a high-melting
and a low-melting metal that were previously indeterminable
may now be fully investigated. Alloys composed of lead and
a platinurn-group metal would be prime candidates for
studies of this type. For example, Wollenweber^*”̂  and 

(21)Arismende have investigated the lead-platinum system by
the galvanic-cell method. Data were taken to the limiting
temperature, and the final values necessary for completion
of the study had to be extrapolated. The lead-rhodium

(24)system was studied by MehtaA 7 , but data had to be termin
ated at a point where even extrapolation was unfeasible. 
Both of these systems could now be completed by use of the 
mass spectrometer in the composition range where the gal
vanic cell was inoperable.
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APPENDIX II: Experimental data for the lead-palladium syst<

oo E ,mv •-3 O O E ,mv O O E *mv

XPb = 0.90 xPb = 0.75 XPb " 0.70 (cont

1022. 3 7.64 1009.5 19.939 840.6 24.837
990.6 6.386 995.3 20.64 837.3 25.38
959.4 5.996 981.1 19.915 822.8 25.713
926.2 5.833 965.9 20.687 810.0 24.33
896.5 5.761 952.2 20.706 807.5 24.90
863.3 5.704 936.8 20.841 796.4 24.574
832.7 5.681 920.9 20.42 783.6 24.29
801. 3 5.652 907.1 20.28 769.5 23.92
772.5 5.623 894.5

877.2 
864.7848.2

19.374
19.56 
18.95
19.57

755.4 23.25

xPb

OCO•OII 834.7 18.59 xPb = 0.65
820.0 18.51

1017.9 15.225 80 4.5 18.28 10 30.6 36.874
1003.5 14.630 789.9 18.25 999.0 36.632
988.1 14.944 775.8 18.03 968.6 35.687
971.7 15.517 758.4 17.98 947. 4 34.809
955.5 14.947 943.5 35.36
941.5 15.003 926.4 33.40
924.5 14. 898 O O 916.2 34.178
909.4 14.919 xPb 896.2 33. 82
892.7 14.547 865.O 33.43
878.5 14.642 1002.2 27.71 832.9 32.80
862.4 14.27 985.3 26.479 802.3 32.06
847.1 14.24 981.3 2 7.30 787.9 30.69
831.4 13.82 962.9 26.513 770.2 31.37
815.5 14.12 954.0 26.932 755.9 31.16
800.0 13.86 952.5 27.219
784.0 13.93 940.5 26.690
767.7 13.34 932.6 27.128
752.7 13.13 929.8

926.4
913.7 
906.0
905.7
899.1 
888.6
878.1 
870.2 
863.6 
851.3

26.264
26.798
26.468
27.05326.384
26.214
26.253
26.465
25.677
25.68
26.394
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APPENDIX II: (Continued)

00 E,mv

IIP-. 0.60
1018.9 49. 944
1004.0 47. 940
987.9 48. 337
971.6 47. 652
956.6 47. 527940. 8 47. 314
924.8 46. 862
909.2 46. 572
894.4 46. 117
879.4 45. 835864.3 45. 380
848.2 45. 03
831.7 44. 57
816.2 44. 12
800.2 43. 61
784.8 43. 21
767.5 42. 61

xPb = 0.50
1054. 7 89. 45210 40. 0 88. 754
1023. 7 88. 045
1010. 5 83. 396
1002. 9 87. 310
989. 3 85. 525
978. 6 84. 817
967. 9 84. 70 4
958. 4 84. 114
947. 8 83. 712
928. 7 82. 402
924. 4 .82. 801
915. 8 82. 719
900.3 82. 197
886. 5 81. 630
870.2 81. 129
854. 4 80. 543
839. 0 79. 77
822. 4 79. 44
807.8 78. 88
792. 8 78. 38

T°C E,mv

11 0.44
1034.8 125. 040
1003.5 124. 142
973.1 122. 675
941.6 121. 015
924. 8 119. 117
910.4 119. 861
893.6 118. 265
879.9 118.472
862 .2 116.94
847.8 116.88
830.5 116.18
816.5 115. 34
800. 7 114. 60
786.5 113. 64
767.5 112. 74
752.5 107. 49

xPb == 0. 42
964.5 139. 097
934.9 138. 723904. 8 137. 604
883. 3 135. 439862.2 134. 44
846.0 133. 32
831. 8 133. 10
816.3 132. 17
801.3 126. 64
788.3 120. 88
771.5 114. 06
757.8 10 8. 64
743.9 103. 16

O O E,mv

XPb = 0. 40
1024. 8 161. 53
1007. 6 159. 768
979. 8 156. 888
966. 9 160. 29
949. 9 156. 963
936. 6 158. 28
921. 9 15 8. 040
906. 7 157. 12
892. 5 156. 928
878. 5 156. 09862. 5 155. 833
848. 4 151. 53
833. 9 143. 62
821. 0 136. 23
819. 0 134. 93
802. 5 127. 47
789. 3 121. 13
774. 1 115. 04
760. 4 109. 12
744. 9 105. 01
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APPENDIX III: Chemical analyses of materials..

1. Spectrographic Analysis of Lead
Sb N.D.
T1 N.D.
Mg 2
Mn N.D.
Pb 9 9 . 9 9 + %

Sn N.D.
Si N.D.
Cr N.D.
Fe 1
Ni N.D.
Bi 1
A1 N.D.
Ca N.D.
Ag N.D.
Cu 3
In N.D.
Cd N.D.
Zn N.D.
Au N.D.

N.D. - None Detected 
Impurities in ppm



T 1274 80

APPENDIX III: (Continued)

2. Chemical analysis of the lead oxide
J. T. Baker

Assay (PbO)
Insoluble in CH^COOH 
Chloride (Cl)
Nitrate (NO^)
Silver (Ag)
Copper (Cu)
Iron (Fe)
Substances not ppt 

by H2S
Loss on Ignition

99.0#
0.010#
0.001#
0.010#
0.0001#
0.003#
0.0005#
0 . 02#

Mallincrokdt

0.15#
0.005#
0.01#
0.0001#
0.002#
0.005#
0.20#

0.5#

The SiC>2 used was 50/200 mesh silica for chromato
graphic columns. G. Frederick Smith Chemical Co.
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